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Abstract A key strategy to improve fruit quality and
consumer appeal in mangoes is to breed trait improve-
ments into new cultivars. There are several key fruit
quality traits in mango. Knowledge of the heritability
and relationship among these traits is important for
breeding success. This paper implements a linear
mixed model analysis including paternal information
for analysis of 13 important fruit quality traits from
mango cultivars planted across three environments
and assessed over several seasons. The traits analysed
were average fruit weight, skin background colour,
blush colour, percentage blush, blush intensity, skin
thickness, beak shape, stem-end shape, deformities,
mesocarp colour, mesocarp texture, seed width and
mesocarp recovery. The analysis allows investigation
into trait heritabilities and stability of traits over years
and sites, as well as genetic correlations among traits.
Keywords BLUP Heritability  Fruit quality traits 
Genetic correlation
Introduction
The global production of mangoes is approximately
43.3 Million metric tons produced from 105 countries
(Galan Saco 2017). Australian mango production is
less than 0.2% of global production with approxi-
mately 61,474 tonnes produced annually, with a gross
value of production (GVP) of $195 million. Mangoes
are grown across the tropical and subtropical regions
of Queensland, the Northern Territory and Western
Australia. 89% of all Australian production is sold and
consumed domestically, with 83% sold as fresh fruit
and 6% as processed (Horticulture Innovation Aus-
tralia 2018).
Genetic improvement of crops through breeding is
a key strategy for delivery of sustainable improvement
in production efficiency and product quality. Many
improved cultivars arise from breeding programs in
India, USA, Israel, Brazil, Australia and South Africa
(Bally and Dillon 2018; Iyer and Schnell 2009). Most
of these programs aim to improve tree productivity,
tree architecture and fruit quality such as fruit size,
colour and flavour (Iyer and Schnell 2009; Bally and
Dillon 2018). The ease of vegetative reproduction in
mango allows the efficient capture and exploitation of
genetic gain at any stage of a hybridisation program.
In Australia several factors have been identified as
limiting mango industry growth, including the appeal
of mangoes to consumers (fruit colour, flavour, aroma
and mesocarp texture), seasonality of fruit, limited
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productive capacity of some cultivars, low first grade
pack-out and access to new cultivars and orchard
systems (Horticulture Innovation Australia 2017;
AMIA 2014).
The breeding objectives of the Australian Mango
Breeding Program are aligned with industry needs and
include improvement of tree productivity, architec-
ture, disease resistance and fruit quality traits of fruit
size, colour and flavour (Kulkarni et al. 2002; Bally
et al. 2017, 2013; Bally 2008).
To achieve these objectives the Australian Mango
Breeding Program is combining genetic traits of
different cultivars through controlled hand pollination
techniques to generate new hybrid progeny. Accurate
parental identification and evaluation of progeny’s
phenotypic performance across a range of environ-
ments has enabled analyses of multiple fruit traits for
their heritabilities, breeding values and correlation
among traits (Bally et al. 2009b; Hardner et al. 2012).
These genetic relationships are useful to guide the
selection of suitable next generation parents from the
families represented in the breeding program.
The optimal selection of future parents to maximize
progress in desirable traits is a key factor in any
breeding program. Evaluating the breeding value or
additive genetic effect for a cultivar for a given trait
gives the expected average performance of progeny
derived from crosses using this cultivar as a parent
(Falconer and Mackay 1996). By selecting potential
parents based on their breeding values for a key trait,
the resulting progeny are likely to have improved
values of this trait.
The heritability of a trait represents the proportion
of variation in the phenotype that is due to genetic
factors, with the narrow sense heritability being the
proportion of phenotypic variance that can be
attributed to additive genetic variance. The narrow
sense heritability is important in plant breeding as it
determines the amount of progress that can be made by
selecting and crossing the best individuals in a
population (Bernardo 2010). Traits with higher narrow
sense heritability are likely to provide greater response
to selection.
This paper presents a statistical genetic analysis of
multi-site, multi-year data from multiple key traits
from the Australian Mango Breeding Program. The
analysis approach is based on linear mixed models
including pedigree information and factor analytic
models (Smith et al. 2001) for determining the genetic
covariance structure over sites and years. The analysis
provides predictions of breeding values (BLUPs) and
narrow sense heritabilities for each trait and allows
investigation into genotype by environment interac-
tion. The analysis also provides insight into the genetic
correlation among traits. A similar mixed model
approach was implemented in the univariate analysis
of mango fruit weight (Hardner et al. 2012).
Methods
Genetic material and trial environments
The trees evaluated in this study consisted of 1719
hybrids (progeny) from 39 families, generated by
crossing 29 parents in a sparse design (Hardner et al.
2012). Hybrids were generated using hand pollination
techniques (Bally et al. 2009a). Hybrid progeny were
planted at three sites across Northern Australia, at
Coastal Plains Horticultural Research Farm, Darwin in
the Northern Territory (NT), at Southedge Research
Station, Mareeba, in Queensland (QLD) and at Frank
Wise Institute, Kununurra in Western Australia (WA).
Hybrid seedlings were planted in the NT while
budwood from these seedlings was grafted on to
Kensington Pride rootstock and planted in QLD and
WA. Families with between one to 138 progeny were
analysed (Table 1).
Subsets of hybrid progeny were assessed at the 3
locations over 6 years (QLD: 1999 to 2005; NT: 2000
to 2002 and 2004; WA: 2000 to 2005). Individual
progeny were assessed, in at least 2 of the 6 years,
resulting in an unbalanced sampling method (Table 2).
Fruit quality traits
Thirteen fruit quality traits were assessed on each
hybrid progeny, including five traits with continuous
rating scales and eight traits with ordered categorical
rating scales with four or more categories (Table 3).
Each trait is described below.
Average fruit weight
The average fruit weight per tree was calculated from
five fruit harvested from each tree at full maturity and
weighed at the eating ripe stage. Average fruit weight
data were analysed as continuous quantitative data.
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Table 1 Parents and the number of progeny per family assessed across the 3 locations (Mareeba, Darwin and Kununurra). Numbers
in brackets after parent names are the numerical identification of the parents used in Fig. 2
















Apple (2) 138 124
Creeper (4) 1
Edward (5) 3
Early Gold (6) 33 51
Glenn (7) 9 51
Hybrid 17 (9) 83 1
Haden (10) 50 117 83 4 2
Irwin (11) 3
Julie (12) 102
Keitt (13) 44 3






















Willard (28) 3 3
Zill (29) 41
Table 2 The number of
hybrid progeny assessed
each year at each location
used in the analyses
Assessment year Queensland Northern Territory Western Australia Total
1999–00 356 0 0 356
2000–01 417 199 82 698
2001–02 590 243 112 945
2002–03 445 562 94 1101
2003–04 322 0 108 430
2004–05 470 637 170 1277
Total 2600 1641 566 4807
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Skin background colour
The skin ground colour is the underlying green/
yellow/ orange colour of the fruit skin at eating ripe.
This colour does not include the blush colour of the
fruit. The skin ground colour transitions from green to
yellow as the fruit ripen and chlorophyll is lost from
the fruit skin (Medlicott et al. 1986). Skin ground
colour was categorised according to the predominant
colour of the un-blushed skin at eating ripe and
analysed in order of most to least desirable as either
yellow, orange, green/yellow, or green. Some cultivars
do not de-green fully during ripening resulting in an
undesirable blotchy green, yellow appearance.
Blush colour
Mango fruit blush colours range from orange, through
pink, to red and purple from anthocyanin pigments
that result from the activation of cyanidin-O-galac-
toside synthesis stimulated by direct exposure to
sunlight (Berardini et al. 2005a). Mango fruit blush
colour was rated on an ordered categorical scale, in
order of most to least desirable, as burgundy, red, pink
or orange.
Percent blush coverage
The percentage of fruit skin covered with blush was
assessed by visually estimating the percentage of
blush separately on both sides of the fruit at eating ripe
stage and taking the average. The percentage blush
was analysed as continuous quantitative data with
higher percentages preferable.
Bush intensity
The blush colour on the fruit skin can vary not only by
the amount of skin covered, but also by the intensity of
the blush colour. The more intense the blush colour the
more it completely covers the underlying ground
colour of the fruit. Blush intensity was scored as an
ordered categorical rating in order of most to least
desirable as: medium intensity similar to the cultivar
‘Haden’, slight intensity, similar to the cultivar
‘Kensington Pride’, solid intensity, similar to the
cultivar ‘Tommy Atkins’, barely visible, or no blush.
Blush intensity data from Western Australia was not
included in the multi-trait analyses.
Skin thickness
The thickness of mango fruit skin influences the total
mesocarp (flesh) recovery of the fruit and how easy it
is to peel the skin from the fruit. Skin thickness was
measured in mm at the eating ripe stage using a digital
calliper. Skin thickness was calculated as the average
skin thickness of five measurements taken randomly
around the longitudinal circumference after removing
the fruit cheek from the seed on each of the five fruit in
the sample.
Beak shape
The shape of mango fruit vary from round to elongate
and with fruit colour are the most recognisable
features of a mango cultivar for consumers. The beak
shape describes the amount the stylar end of the fruit
protrudes and is a significant component of fruit shape.
Beak shape was scored in ripe fruit, in an ordered
categorical rating scale, in order of most to least
desirable, as absent, very slight, slight, medium, or
prominent. Beak shape data from Western Australia
was not included in the multi-trait analyses.
Table 3 Thirteen fruit quality traits that were analysed, rating
scales and rating levels. Five traits with continuous rating
scales and eight traits with ordered categorical rating scales
Description Scale Unit/Rating levels
Average fruit weight Continuous grams
Skin background colour Categorical 4
Blush colour Categorical 4
Percentage blush Continuous %
Blush intensity Categorical 5
Skin thickness Continuous mm
Beak shape Categorical 5
Stem-end shape Categorical 5
Deformities Categorical 4
Mesocarp colour Categorical 5
Mesocarp texture Categorical 5
Seed width Continuous mm
Mesocarp recovery Continuous mm
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Stem-end shape
The stem-end shape of a mango fruit influences the
shape of the fruit and the amount of detritus material
and moisture that accumulates externally at the stem
end of the fruit during growth. Depressed stem-ends
accumulate more material that can blemish the fruit
and cause a degrading of fruit quality. Stem-end shape
was scored an ordered categorical rating scale, in order
of most to least desirable, as level, slightly depressed,
slightly raised or highly depressed. Stem-end shape
data from Western Australia was not included in the
multi-trait analyses.
Deformities
Fruit deformities appear as lumps on the fruit or as
misshapen fruit which are unmarketable. Fruit defor-
mities were rated on an ordered categorical scale, with
lower valued preferred as either, none, slight, medium
or many.
Mesocarp colour
The colour of the fruit mesocarp (flesh) ranges from
pale yellow green to dark orange in ripe fruit. Both
carotenoids and anthocyanins contribute to the inten-
sity of the mesocarp colour (Proctor and Creasy 1969;
Pott et al. 2003). Mesocarp colour was scored, in order
of most to least desirable, on a one to five ordered
categorical scale using colour patch cards (The Royal
Horticultural Society 2001) as either orange group
24A, yellow orange group 32A, yellow group 15A,
yellow group 13 B, or yellow group 6A.
Mesocarp texture
Mesocarp texture refers to the firmness and fibre
associated with the fruit mesocarp. Firm, low fibre
textures are preferable to soft fibrous textures. Meso-
carp texture was scored, in order of most to least
desirable, using an ordered categorical rating scale
based on commonly known cultivars as either soft or
no fibre (c.v. ‘Nam Doc Mai’), soft and low fibre (c.v.
‘Kensington Pride’) firm and medium fibre (c.v.
‘R2E20), firm and stringy (c.v. ‘Tommy Atkins’) and
soft and stringy (c.v. ‘Common’).
Seed width
Seed width refers to the width of the seed and leathery
endocarp, often referred to as the stone. Seeds
(embryos enclosed in their leathery endocarp) were
extracted from the ripe fruit samples, measured with
digital callipers in mm and analysed as continuous
quantitative data. Thinner seeds are seen as more
desirable as they increase mesocarp recovery.
Mesocarp recovery
The mesocarp (flesh) recovery refers to the percentage
of edible mesocarp that can be extracted from the fruit.
Higher percentages of mesocarp recovery are pre-
ferred. Mesocarp recovery was calculated by subtract-
ing the seed and skin weight from the fruit weight and
expressing it as a percentage of the fruit weight as
follows:




Prior to analysis, each of the categorical variables
were transformed to a numerical rating scale with
higher ratings associated with more desirable fruit.
Then all traits were analysed individually across sites
and years using a multi-environment (MET) multi-
harvest analysis (Hardner et al. 2012; De Faveri 2013)
using linear mixed models incorporating factor ana-
lytic models (Smith et al. 2001; Meyer 2007) and
pedigree information. The models were fitted using
ASReml-R (Butler et al. 2009). Residuals were
investigated and assessed to meet the assumptions
for analysis.
The aim of the linear mixed model analysis was to
predict additive genetic effects (BLUPs) for each
cultivar for each trait and genetic and residual variance
components for estimation of genetic correlations and
narrow sense heritabilities for each trait across harvest
seasons within trials. The linear mixed model used for
analysis of each trait was of the form:
y ¼ Xsþ Zouo þ Zgug þ Zf uf þ e
where y is the vector of observations, fixed effects are
given by Xs, random (non-genetic) effects are given
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by Zouo, the random additive genetic effects by Zgug,
random family effects by Zf uf and the residual effects
by e. It is assumed that e is normally distributed with
zero mean and covariance matrix R.
The additive genetic effects ug are assumed to be
normally distributed and have mean zero and are
independent of other random effects. The multi-
site/multi-year model used in this paper treats the site
by year combinations as a single component. It is
assumed that the variance matrix of ug is given by:
var ug
 
¼ Gs  A
where Gs is the genetic covariance matrix for the site
by year combinations, is the Kronecker product, and
A is the additive relationship matrix as determined by
the pedigree.
The random additive genetic effects were corre-
lated across sites and years and BLUPs calculated for
each cultivar across sites and years. The genetic
covariance matrix Gs consisting of genetic variances
for each site by year and genetic covariances between
site by year combinations was modelled using factor
analytic models (Smith et al. 2001). The factor
analytic model provides a parsimonious approxima-
tion to the fully unstructured covariance model (Kelly
et al. 2007). The order of factor analytic model
required for each trait was determined using REML
likelihood ratio tests (REMLRT).
In multi-environment trials the full residual covari-
ance matrix R is typically given by a block diagonal
matrix where Rj is the residual variance matrix for the
jth trial:
R ¼ diag Rj
 
Therefore, each trial has its own residual covari-
ance structure and residuals are assumed independent
among trials. In this study the residual structure for
each trial has been modelled using a diagonal variance
matrix for each site, giving a separate residual
variance for each year. Spatial analyses were not
performed as at any one time only a selection of non-
contiguous trees were measured. Models fitting more
structured temporal residual correlation structures
were investigated but were not significant or unable
to be fitted most likely because of insufficient
individual trees being measured at consecutive times.
The genetic covariance matrix ðGs) (giving the
genetic variances and correlations for the 15 site by
year combinations) was estimated for each trait to
investigate the stability of traits across sites and years.
Heat maps were constructed to visualise these genetic
correlations and to assist in interpretation of the
covariance matrices from the factor analytic models
(De Faveri et al. 2015; Cullis et al. 2010).
Variance components from the model were used to
estimate the narrow sense heritability for each trait for





r̂2a þ r̂2f þ r̂2e
where br2a was the estimated additive genetic variance,
br2f was the estimated family variance and br
2
e was the
estimated residual variance for the trait at a particular
year within a trial.
Breeding values (random additive genetic effects)
were predicted for each line for all years and trials for
each trait separately. A principal component analysis
was performed and biplot constructed on the trait by
cultivar BLUPs (predicted over sites and years) to
investigate the relationships among multiple traits and
represented in a biplot (Fig. 4), generated using the
statistical package R (R Core Team 2015).
Results
Themean and standard errors based on the raw data for
each trait by harvest within years and sites are
presented in Table 4. It can be seen that some trait
means differed across sites, for example average fruit
weight was consistently higher in QLD than WA or
NT.WA trials showed higher variation in average fruit
weight between seasons than the other sites (Table 4).
The analyses of each trait were based on factor
analytic models for modelling the genetic effects over
sites and years. The order of factor analytic model
(number of factors) was determined using REML
likelihood ratio tests. For most traits a model with two
factors (FA2) was deemed best, while for percent
blush and average fruit weight a model with three
factors (FA3) was chosen as the best model and for
mesocarp recovery a model with four factors (FA4)
was used.
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Heritabilities
Heritabilities were estimated for each fruit quality trait
at each site by year combination (Hardner et al. 2012)
(Table 5). The highest heritabilities were associated
with mesocarp recovery and average fruit weight,
indicating the relative ease at transferring these traits
from parents to progeny in the Australian breeding
populations. The lowest heritabilities in this study
were associated with traits such as skin thickness,
mesocarp thickness and deformities indicating the
relative difficulty in breeding for such traits.














NT 2000–01 383.39 10.84 2.9 0.06 23.27 1.59 57.34 0.82 4.34 0.07 3.93 0.02
NT 2001–02 269.44 9.67 2.65 0.05 12.76 1.08 52.26 0.74 3.79 0.07 3.5 0.05
NT 2002–03 357.66 6.11 2.89 0.03 19.28 0.89 54.99 0.42 3.95 0.04 3.41 0.03
NT 2004–05 361.35 5.74 3.02 0.03 24.4 0.79 56.28 0.4 4.03 0.04 3.37 0.03
QLD 1999–00 431.97 9.92 2.63 0.04 36.75 1.22 60.16 0.58 4.04 0.05 3.23 0.04
QLD 2000–01 410.25 8.75 2.66 0.04 32.14 1.11 59.57 0.57 3.84 0.05 3.52 0.03
QLD 2001–02 438.76 7.63 2.63 0.04 24.65 0.87 62.06 0.49 3.74 0.05 3.13 0.03
QLD 2002–03 423.26 8.78 2.47 0.04 25.64 0.88 59.12 0.52 3.75 0.06 3.02 0.03
QLD 2003–04 425.16 8.87 2.73 0.05 22.54 1.21 62.15 0.6 4.01 0.06 2.66 0.05
QLD 2004–05 419.08 7.17 2.91 0.03 27.91 0.66 60.31 0.48 3.81 0.05 3.22 0.03
WA 2000–01 242.99 14.09 2.37 0.09 23.32 1.77 46.78 1.22 3.65 0.13 3.06 0.09
WA 2001–02 361.06 13.74 2.72 0.07 10.71 1 56.23 1.15 4.12 0.09 3.24 0.07
WA 2002–03 380.97 14.64 2.87 0.08 6.6 1.07 56.04 1.32 4.21 0.09 3.44 0.06
WA 2003–04 410.9 14 2.69 0.07 4.86 0.85 59.73 1.16 4.19 0.07 3.59 0.05















NT 2000–01 3.6 0.1 2.61 0.09 3.21 0.07 3.6 0.04 0.9 0.03 19.09 0.2
NT 2001–02 3.35 0.08 2.29 0.08 3.31 0.08 3.51 0.05 1.27 0.03 19.15 0.19
NT 2002–03 3.88 0.05 2.29 0.05 3.47 0.05 3.55 0.03 1.01 0.02 18.97 0.11
NT 2004–05 3.97 0.04 2.83 0.04 3.67 0.05 2.89 0.05 0.93 0.01 18.61 0.1
QLD 1999–00 3.59 0.06 2.63 0.05 3.99 0.05 3.07 0.06 0.77 0.01 19.25 0.14
QLD 2000–01 3.86 0.05 2.84 0.05 3.8 0.05 3.31 0.04 0.85 0.01 19.43 0.13
QLD 2001–02 3.87 0.04 2.32 0.05 3.89 0.05 3.07 0.04 0.86 0.01 19.24 0.13
QLD 2002–03 3.52 0.06 2.23 0.05 3.13 0.07 3.37 0.04 0.71 0.01 19.08 0.14
QLD 2003–04 3.6 0.07 2.48 0.07 3.33 0.08 3.07 0.06 0.81 0.02 19.46 0.15
QLD 2004–05 3.82 0.05 2.56 0.05 3.61 0.06 3.08 0.05 0.91 0.01 19.19 0.12
WA 2000–01 3.18 0.15 2.98 0.12 3.88 0.09 3.46 0.07 1.26 0.04 19.39 0.25
WA 2001–02 3.82 0.12 2.45 0.11 3.67 0.12 2.89 0.09 0.6 0.03 21 0.26
WA 2002–03 3.77 0.12 2.13 0.13 3.66 0.13 3.19 0.08 0.46 0.02 20.57 0.26
WA 2003–04 3.82 0.11 2.32 0.12 4.17 0.09 3 0.09 0.46 0.02 19.96 0.25
WA 2004–05 3.82 0.09 2.15 0.1 3.75 0.1 3.38 0.06 0.34 0.02 19.99 0.21
NT Northern Territory, QLD Queensland, WA Western Australia
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Genetic Correlations
The genetic stability of traits across sites and years,
may be investigated in the heat maps of genetic
correlations (Fig. 1), indicating how traits are influ-
enced by genetic and environment or seasonal condi-
tions. Genetic stability data can also be an indicator of
how transferable data is from one site to another and
helps when determining varietal performance in
growing areas not tested. The genetic correlations
between sites and year combinations were high for
most traits (with the exception of skin colour and skin
thickness) especially for NT and QLD, as seen by the
red blocks in each heat map (Fig. 1).
Seed width, average fruit weight and mesocarp
recovery showed high stability, while skin colour
showed low stability, as shown by more constant or
variable colours in the heat map. The traits percent
blush and mesocarp texture were fairly stable within a
site and relatively stable between the Northern Terri-
tory and Queensland, however, between Western
Australia and the other sites there was lower genetic
correlation. Mesocarp colour was generally stable be-
tween sites and years except for year one in the
Northern Territory and year two in Western Australia.
Best linear unbiased predictions
Best linear unbiased predictions (BLUPs) of breeding
values were predicted for all progeny and parent
cultivars for each trait, averaged over Sites and Years.
The breeding values of the parent cultivars are
presented in Fig. 2. BLUPs are centred around zero,
so high positive BLUPs for a trait show cultivars that
are more likely to produce progeny with desirable
values for that trait while high negative values will
show cultivars that are likely to have progeny with the
least desirable values for that trait. For example,
Cultivar 11 (Irwin) has the highest breeding values for
percentage blush and blush intensity while cultivar 19
(Nam Doc Mai) has the lowest breeding values for
these traits. cultivar 22 (R2E2) has the highest
breeding value for mesocarp recovery while cultivar
28 (Willard) has the lowest. cultivar 24 (Suvarnareka)
has the highest breeding value for mesocarp colour
while cultivar 20 (Padiri) has the lowest breeding
value for skin background colour.
The BLUPs for each trait (averaged over sites and
years) were plotted against each other in pairs (Fig. 3)
to identify the predictions for parents and progeny.
This plot shows the improvements in traits with high
numbers of progeny showing more desirable trait
values than their parents. These are identified by
progeny above and to the right of parents in the top
right quadrant of the scatter plots in Fig. 3. For
example, there are a number of progeny with increased
percent blush together with increased blush colour
than any parents in the study.
To better understand the relationships among traits,
the genotype BLUPs for each trait were analysed by
principal component analysis (PCA). The PCA
explains the variation among the traits in a smaller
number of dimensions. The first two principal com-
ponents were used to construct a biplot (Gabriel 1971)
Table 5 Narrow sense
heritability range and
average across sites and
years for 13 fruit quality
traits
Trait Heritability range Average heritability
Average fruit weight 0.48–0.90 0.80
Mesocarp recovery 0.69–0.98 0.79
Blush intensity (no WA) 0.54–0.68 0.60
Beak shape (no WA) 0.46–0.75 0.59
Percent blush 0.32–0.93 0.57
Seed width 0.34–0.83 0.56
Blush colour 0.26–0.71 0.52
Stem-end shape (no WA) 0.26–0.82 0.49
Mesocarp colour 0.26–0.63 0.47
Skin background colour 0.27–0.65 0.47
Skin thickness 0.04–0.91 0.36
Mesocarp texture 0.13–0.99 0.35
Deformities (no WA) 0.09–0.42 0.27
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Fig. 1 Heat map representation of the genetic correlations among the site by year combinations for each fruit quality trait. The colours
show the range of correlations from high positive (1.0) in red to high negative (- 1.0) in dark blue
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Fig. 1 continued
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(Fig. 4). The biplot gives an indication of how the
traits are correlated, with vectors (arrows) pointing in
the same direction being highly positively correlated
and those in the opposite direction being highly
negatively correlated. Those vectors perpendicular to
each other are uncorrelated. The angle between the
vectors reflects the degree of correlation between the
traits with the smaller the angle the higher the
correlation. Vectors extending furthest from the centre
of the biplot identify variables that explain most of the
variation in the data.
Discussion
Average fruit weight is an important trait as it dictates
the number of fruit that fit into each 7 kg box for
marketing and very large or very small fruit are often
discounted on the wholesale market. Mean average
fruit weight varied between sites and between seasons
(Table 4) however the genetic correlations for this trait
were high (Fig. 1) The genetic correlation of average
fruit weight was stable across sites and seasons,
although less so in Western Australia, indicating high
genetic and less environmental control over this trait
and observations are relatively transferable from one
site to another which is helpful in determining varietal
performance in growing areas not tested. Average fruit
weight had the highest average heritability (0.80) with
a spread of 0.48 to 0.90 indicating the relative ease at
transferring this trait from parents to progeny in the
Australian breeding population. Previous estimates of
the heritability of average fruit weight by Hardner
et al. (2012), were between 0.69 and 0.94. Average
fruit weight for mango seems to be at the higher end of
published heritabilities in fruit species for example;
Japanese pear (Pyrus pyrifolia Nakai) at 0.73 (Abe
et al. 1995), peach at 0.20 (Hansche 1986), Olive
(Olea europaea L.) between 0.17 and 0.28 (Zeinanloo
et al. 2009). There was a strong positive correlation
between the average fruit weight and mesocarp
recovery (Fig. 4), indicating larger fruit generally
have a higher percentage of edible mesorcarp and
these traits can be co-selected.
Mesocarp colour was generally stable across sites
and years with heritabilities ranging from 0.26 to 0.63,
indicating it is under moderate genetic control. In
Western Australia, in 2001–2002, and Northern Ter-
ritory 2000–2001 the mesocarp colour correlated
slightly less well with other sites and seasons. The
reason for this is unclear but may be due to the stage of
fruit ripeness at time of assessment. The BLUP
analysis has indicated the best parental cultivars used
in the study populations for improving (darkening)
mesocarp colour are Padiri, Palmer, Suvarnareka and
Hybrid 10. The principal component biplot shows
mesocarp colour accounts for very little of the
variation in the data but it seems to be positively
correlated with the other mesocarp traits (mesocarp
recovery, mesocarp texture) and average fruit weight.
(Fig. 4).
Mesocarp texture, a measure of two traits (meso-
carp firmness and mesocarp fibre) is a fruit trait that
changes over time as fruit ripen, and as such is highly
Fig. 1 continued
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influenced by the stage of fruit ripeness, which may be
a reason that mesocarp texture had one of the lowest
average heritabilities in this study (0.35), indicating a
relative difficulty in transferring this trait between
generations in a breeding program. Mesocarp texture
was stable across seasons in the Northern Territory
and Queensland but less so in Western Australia
(Fig. 1). The principal component analysis indicated
positive correlation between mesocarp texture, meso-
carp recovery and average fruit weight. Separate
measurement and analyses of mesocarp texture com-
ponents such as firmness, fibre abundance, and fibre
strength may identify which components have higher
heritability and are more useful for breeders interested
in improving mesocarp texture.
Mesocarp recovery had one of the highest average
heritability (0.79) and a high range of heritabilities
(0.69–0.98), indicating the relative ease at transferring
this trait from parents to progeny in the Australian
breeding population. The high heritability also indi-
cates high genetic influence and low environmental
influence on the trait. We could expect the mesocarp
recovery of a cultivar to be similar when grown at
different sites and years making it a stable trait. From
the data presented in Fig. 2, there are several parental
cultivars with relatively high BLUPS indicating a
Fig. 2 Best linear unbiased predictions (BLUPs) for each trait in each of the parent cultivars. Parental cultivars are represented on the
horizontal axis by their numerical codes presented in Table 1. Predicted BLUP’s are displayed on the vertical axis of each plot
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range of parents have good ability to improve meso-
carp recovery in their progeny. There was strong
positive correlation between mesocarp recovery and
average fruit weight (Fig. 4), indicating larger fruit
generally have a higher percentage of edible mesocarp
and these traits can be co-selected.
Seed width was another trait with high stability
across sites and seasons indicating that it is mainly
governed by genetics with little environmental influ-
ence on its expression. Low seed width is desirable as
it allows for more of the edible fruit mesocarp.
Cultivars such as Nam Doc Mai, and perhaps Irwin,
have very low BLUPs (Fig. 2) indicating that they are
good parents to use to reduce seed width in hybrid
progeny. The principal component analysis indicates
that seed width is moderately positively correlated
with mesocarp recovery and average fruit weight.
Skin thickness had one of the lowest average
heritabilities in this study (0.36), indicating a relative
difficulty in transferring this trait between generations
Fig. 3 Plot of BLUPs for each pair of traits averaged over sites and years showing parents (pink) and progeny (blue)
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in a breeding program. Skin thickness was generally
stable among sites and most years, however, in some
site by years the relationship was poor (Fig. 1). The
reason that some sites had poor correlations in some
seasons is unclear but may be because of large
environmental anomalies. Skin thickness was not
particularly highly correlated to any other fruit quality
trait (Fig. 4).
Skin background colour had a reasonably large
spread of heritabilities (0.27–0.68, av. 0.47) (Table 5)
and BLUPs (Fig. 2) indicating the importance of
parental selection when breeding for this trait. The
Floridian parent cultivars Van Dyke, Irwin, Haden and
Lippens had the strongest BLUPs and likelihood of
transferring this trait to progeny. Across sites and
years, skin background colour was less stable than
mesocarp colour and texture, indicating a higher
environmental influence on this trait. The de-greening
of mango skin during ripening can depend on the
nitrogen status of the fruit and ripening temperatures
(Hofman 1997). The biplot (Fig. 4) shows fruit skin
background colour is moderately positively correlated
with blush colour, percent blush and blush intensity.
Blush colour in many Asian cultivars are un-
blushed whereas those originating from Florida are
often highly-blushed. In Australian and other markets,
blushed fruit receive a premium price due to their eye
appeal. Heritability of blush colour varied from 0.26 to
0.71 with an average of 0.52 indicating a reasonable
ease in transferring this trait to progeny when the best
parents are used. The genetic correlations in the
studied populations show blush colour was
stable within sites and across sites in Queensland
and the Northern Territory but not in Western
Fig. 4 Biplot based on principal component analysis of
genotype BLUPs from analyses of 13 fruit traits. Traits with
arrows pointing in the same direction are positively correlated
and more easily co-selected whilst arrows pointing in opposite
directions are negatively correlated
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Australia. The reasons for the difference in blush
colour inWestern Australian are unclear but may have
been due to the relative difference in fruit ripeness or
differences in tree shading and light transmission due
to differences in pruning between sites. Blush devel-
opment requires fruit skin exposure to direct sunlight
(Berardini et al. 2005a, b). As might be expected, the
skin blush colour traits (percent blush, blush colour
and blush intensity) were strongly positively corre-
lated indicating all three can be bred for or selected
simultaneously.
Percentage of blush covering the skin has similar
variability to blush colour within sites and was
relatively stable between Queensland and the North-
ern Territory but not inWestern Australia. The reasons
for the difference in the percentage of skin covered
with blush in Western Australian fruit are unclear but
may also have been due to the relative difference in
tree shading and light transmission due to differences
in pruning between sites. The percentage of skin
covered by blush is negatively influenced by shading
within the tree and as such can be managed through
pruning and training of canopies.
Blush intensity had a reasonably high average
heritability (0.6) and was stable across years and sites
(only data from Queensland and Northern Territory
used here). The parental cultivar Irwin had high
BLUPs for Blush Intensity. The principal component
biplot showed high positive correlation between blush
intensity, blush colour and percent blush.
Stem-end shape had relatively large range and
medium average heritability (0.26–0.82, av 0.47) in
this study. Stem-end shape was strongly negatively
correlated with average fruit weight (Fig. 4) which
may be contributing to the large range of heritibilities.
Stem-end shape was strongly positively correlated
with deformities (Fig. 4) indicating the stem-end of
the fruit may be influencing the level of fruit
deformities.
Fruit deformities had one of the lowest heritabilities
(0.09–0.42, av.0.27) in this study (Table 5), indicating
the low genetic component and relative difficulty in
breeding for such trait. Fruit deformities are often
caused by environmental conditions such as excessive
temperatures or nutritional deficiencies during fruit
development. Fruit deformities are highly negatively
correlated with mesocarp recovery and average fruit
weight, indicating that heavier fruit are more likely to
have less deformities. There was also a strong positive
correlation between deformities and the stem end
shape of the fruit, as growth deformities often occur at
the stem end of the fruit.
Comments on method and limitation of study
design
The statistical analysis approach presented here has
successfully modelled mango genetic effects for
multiple traits, several years and multiple environ-
ments, allowing insight into the heritability and
stability of traits and the relationship among traits
across environments. The linear mixed model, incor-
porating pedigree information and modelling geno-
type by environment effects using factor analytic
models, provides a comprehensive multivariate mod-
elling approach, however there are limitations in this
study. Firstly, the sparse data on trees across sites and
years has made modelling spatial and temporal
correlation problematic and only simple residual
models have been able to be fitted. In other studies
in perennial crops, spatial and temporal correlation has
been found to be significant (Stringer and Cullis 2002;
Dutkowski et al. 2002; Smith et al. 2007; De Faveri
et al. 2015) and so the simple residual models fitted in
this paper may not be optimal. However as different
trees were measured at different times the effect on
predictions may not be large. Also, the limited
numbers of progeny per parent create a very sparse
unbalanced data set which may have been improved
with more data on more crosses.
A similar mixed model approach was implemented
in the univariate analysis of mango fruit weight
(Hardner et al. 2012). In that paper only factor analytic
models with a single factor (FA1) were fitted and
hence were not found to be the best model. In our case
we have fitted higher order factor analytic models
(with two to four factors) and in all cases the higher
order factor analytic models were a significant
improvement on a single factor (FA1) model. The
factor analytic model allows a good approximation to
the fully unstructured covariance model where all
variances and pairs of covariances are estimated, but it
is important to fit sufficient factors for accurate
separation of genetic and non-genetic effects. Failure
to fit sufficient factors will result in biased estimates of
genetic effects due to interplay between genetic and
residual components in the model (De Faveri 2017).
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The stability analysis of traits across sites and years
as shown in the heatmaps (Fig. 1) allows insight into
which traits may be combined across sites and which
may require more specific environment by year testing
in future studies. In general, the analyses showed the
Northern Territory and Queensland sites to be very
similar with high genetic correlations between these
sites for most traits (for example average fruit weight,
mesocarp recovery, seed width, blush intensity), hence
selection based on one of these sites is likely to
correspond favourably with the other. The Western
Australian site showed some differences to these two
sites with lower correlation for traits such as mesocarp
texture and blush colour. Traits such as mesocarp
colour, skin background colour and skin thickness
showed differences both among sites and among years
within sites, and may need more intense sampling.
Most other traits showed very high genetic correlation
between years within a site and hence may not need to
be sampled every year.
The issue of how best to obtain genetic parameters
from tree breeding programs where data needs to be
sampled across sites, years, traits and family groups
when not all trees can be measured for all traits at all
times due to time and labour constraints is an
interesting topic of future research. Optimal sparse
sampling designs could be developed to optimize the
accuracy of genetic parameter prediction. Having
more genetic information, for example, genomic
marker data on the trees would also improve the
power and estimation of genetic effects in sparse
designs.
The approach implemented here analyses each trait
individually using the linear mixed model and then the
BLUPs from each analysis have been subjected to a
principal component analysis in order to investigate
relationships among traits. A full multi-trait, multi-
year, multi-site analysis would have been preferable to
estimate genetic correlations among traits, however
the computational burden for such an analysis was
prohibitive.
Conclusion
The analyses presented here on fruit quality traits have
improved our understanding of their heritability and
the relative ease of difficulty of transferring these traits
from parents to progeny in a controlled hybridisation
program. The findings on the stability of these fruit
quality traits across years and environments will help
in designing future regional performance trials and in
predicting performance in other non-tested environ-
ments. The principal component analyses and visual
representation in the biplot presented in Fig. 4 has
highlighted where certain fruit quality traits are
closely correlated, indicating that selection of ideal
parents for one of these traits is likely to deliver
progeny that also have higher representation of the
other highly correlated trait. Interpretation of heri-
tability estimates and results from other analyses
presented in this report must be done in the context of
the populations used in the analysis. Relationships and
heritabilities may change in populations of other
breeding programs with different parents and genetic
profiles.
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